The development of chemopreventive agents against prostate cancer would benefit from conclusive evidence of their efficacy in animal models that emulate human disease. To date there has been little in vivo evidence supporting their preventive capabilities. The 12T-10 Lady transgenic model spontaneously develops localized prostatic adenocarcinoma and neuroendocrine cancer followed by metastases, recapitulating the natural history of human prostate cancer in many respects. Using male Lady version of the transgenic adenocarcinoma of the mouse prostate mice, we show that administration of antioxidants (vitamin E, selenium, and lycopene) in the diet dramatically inhibits prostate cancer development and increases the disease free survival. Treatment of animals with the antioxidants resulted in a 4-fold reduction in the incidence of prostate cancer compared with the untreated animals. Prostate cancer developed in 73.68% (14 of 19) and 100% (19 of 19) of the animals from the standard and high fat diet, respectively. In contrast, only 10.53% (2 of 19) and 15.79% (3 of 19; P < 0.0001) of the animals in the standard and high fat diets supplemented with antioxidants developed tumors. The micronutrients were well tolerated with no evidence of antioxidant-related toxicity. Histopathological analysis confirmed absence of cancer in the additive treated groups. Immunohistochemistry demonstrated a strong correlation between disease-free state and increased levels of the prognostic marker p27
INTRODUCTION
Prostate cancer is the second most common cause of cancer deaths among males in the Western world. Progress toward understanding the biology of prostate cancer and the development of new therapies for this disease has been hampered, by the lack of in vivo model systems that adequately capitulates the spectrum of benign, latent, aggressive, and metastatic forms of the human disease. Epidemiological studies have demonstrated a close link between dietary fat consumption, antioxidant supplementation and prostate cancer (1, 2). These observations have been supported by some in vivo models of prostate cancer (3) .
Dietary antioxidants such as selenium, lycopene, and ␣-and ␥-tocopherol have been studied as candidate chemopreventive agents (4 -7) . In vitro and in vivo studies carried out in our laboratory and by other investigators suggest that these compounds are potential agents for prostate cancer prevention (8 -10) . This interest is reflected in the decision by the NIH to sponsor the Selenium and Vitamin E Chemoprevention Trial. Vitamin E is a major intracellular antioxidant in cell membrane. It inhibits lipid peroxidation and has a wide range of anticancer properties (11) (12) (13) (14) (15) . These include both protection against carcinogenesis and inhibition of tumor progression. Fleshner et al., (10) has shown that supplemental vitamin E can inhibit high-fatpromoted tumor progression in nude mice bearing human LNCaP prostate cancer xenografts. In addition, we have demonstrated that vitamin E inhibits the growth of prostate cancer cells in vitro mediated by alteration in cell cycle regulatory molecules, particularly p27 (9) .
Selenium prevents cancer in numerous tumor model systems. Studies carried out in our laboratory have shown that selenium induces cell cycle arrest of the androgen-dependent LNCaP human prostate cancer cells but not PC3 (androgen-independent) cells via up-regulation of p27. Clark et al., (16, 17) demonstrated a marked decrease in the incidence of prostate cancer among men supplemented with selenium in a randomized trial. Lycopene is a carotenoid, naturally occurring in tomatoes and other fruits. It is also a potent antioxidant and the most significant free radical scavenger among the carotenoid family (18, 19) . A nested case-control study within the context of the Health Professional Follow-Up study revealed that individuals consuming Ͼ10 servings per week of tomato-based products had less odds of developing advanced/aggressive prostate cancer (20) . One of the lycopene intervention studies suggests that this compound may possess significant anticancer properties (6) .
There is much interest in using antioxidant combinations for prevention. Combinations of antioxidants have been shown to act with additive or synergistic effects in certain model systems (21, 22) . Recent in vitro data from our laboratory suggests that one of the pathways for cancer prevention may be via the p27 tumor suppressor gene (8, 9) . A member of the Cip/Kip family of cyclin-dependent kinase inhibitors, p27, regulates cell cycle progression from G 1 to S-phase by binding and inhibiting the cyclin E/cyclin-dependent kinase 2 complex (23). Loss of p27 protein has been shown to be associated with development and progression of numerous tumor types, including breast (24) , colorectal (25, 26) , lung (27) , and prostate cancers (28) .
The Lady transgenic model (29) , a less aggressive version of the original transgenic adenocarcinoma of the mouse prostate, which spontaneously develops metastatic CaP, mimics progressive forms of human disease. Using male Lady transgenic mice, we show that administration of antioxidants (vitamin E, selenium, and lycopene) in the diet at a human achievable dose significantly inhibits prostate cancer development and increases the disease-free survival of these mice.
MATERIALS AND METHODS
Transgenic Mice. The female Lady (12T-10) mice developed on a pure background were obtained from Dr. Robert J. Matusik (Vanderbilt Prostate Center, Vanderbilt University Medical Center, Nashville, TN; ref. 29, 30) . Breeders were fed standard pellet mouse feed. After weaning of the animals at 3 to 4 weeks of age, the gender of the offspring was determined, males were separated, and a tail biopsy was collected from each mouse. Tail DNA was used for determination of transgene incorporation by PCR. Transgenic animals were divided into four main groups: group 1, animals on a standard diet; group 2, animals on a standard diet with a combination of antioxidants (vitamin E, selenium, and lycopene); group 3, animals on a 40% calorie diet; and group 4, animals on a diet containing 40% calorie with antioxidants. The antioxidants/ supplements added were in proportion to the human equivalent of (per day) 800 IU vitamin E (␣-tocopherol succinate), 200 g of Selenium (seleno-DLmethionine) and 50 mg of lycopene. Transgenic males, included in experi-ments at 4 to 5 weeks of age, were fed formulated diets (Purina Mills Test Diet, Richmond, Indiana), until they were 28 to 32 weeks of age. The diets were non-irradiated, stored at 4°C at all times, stable for 6 months (assayed by the company), and free of phytoestrogens. Throughout the study, animals were weighed every other week. Animal care and treatments were conducted in accordance with established guidelines and protocols approved by the Sunnybrook and Women's College Health Sciences Centre, Toronto, Canada and in accordance with the Canadian Council on Animal Care.
Preparation and Analysis of Blood and Tissues. Blood sample was obtained by direct heart puncture. Serum was separated and aliquots stored at Ϫ80°C. All animals were examined at necropsy for gross organ abnormalities, kidney, liver, spleen, bladder, seminal vesicle, and prostate. Tissues collected at necropsy were routinely fixed in 10% (v/v) buffered formalin. Five micrometer sections were cut from paraffin-embedded tissues, mounted on slides, routinely stained with H&E, and processed for histopathological evaluation.
Immunohistochemistry. Expression of p27
Kip1 and proliferating cell nuclear antigen (PCNA) proteins were determined immunohistochemically. Paraffin sections of tissue blocks were deparaffinized with xylene, rehydrated and boiled for 10 min in citrate buffer (pH 7.0). Sections were blocked with 0.3% hydrogen peroxide in methanol followed by normal serum and then incubated overnight at 4°C with the primary antibody [anti-p27
Kip1 rabbit polyclonal antibody (Santa Cruz Biotechnology) diluted 1:100 (200 g/ml) in PBS; PCNA rabbit polyclonal antibody (Santa Cruz Biotechnology) diluted 1:50 (200 g/ml) in PBS; anti-SV40 Tag (AB-2) monoclonal antibody (Oncogene Research) diluted 1:100 (200 g/ml) in PBS]. Slides were then reacted with biotin-labeled antirabbit IgG/antimouse IgG and incubated with preformed avidin-biotin peroxidase complex (Vector Laboratories). Metal-enhanced diaminobenzidine substrate (Vector Laboratories) was added. Sections were counterstained with hematoxylin, dehydrated, and mounted.
Scoring of p27. Prostate tissue sections from different animals were randomly scored. The prostate tissue cytoplasmic p27 expression was scored based on the intensity of staining (absence of staining, Ͻ1ϩ, 1ϩ, 2ϩ, and 3ϩ). This degree of staining was scored by two independent investigators. Cells with weak or strong staining (1ϩ to 3ϩ) were considered as positive, and cells with Ͻ1ϩ and without cytoplasmic staining were considered negative for p27 expression. Fisher exact test was used for statistical analysis.
Serum Testosterone. The Roche Diagnostics Elecsys 2010 Immunoassay System with an automated, random access, multichannel analyzer was used. Samples were incubated with a testosterone-specific biotinylated antibody and a testosterone derivative labeled with a ruthenium complex. After addition of streptavidin-coated microparticles, the complex was bound to the solid phase via interaction of biotin and streptavidin. The reaction mixture was then aspirated into the measuring cell where the microparticles are magnetically captured onto the surface of the electrode. Unbound substances are then removed with ProCell. Application of voltage to the electrode then introduces Fig. 1 . Growth curve of Lady transgenic animals treated with antioxidants. Starting at 4 to 5 weeks until they were 28 to 32 weeks of age, transgenic males were fed diets with a combination of vitamin E, selenium, and lycopene. Results shown are the mean body weights in each experimental group Ϯ SD, as a function of age (weeks). The values indicate that antioxidants administered in the diet do not affect body weight. A defined as antioxidants (vitamin E, selenium, and lycopene). Fig. 2 . Gross anatomy depicting absence of prostate tumors in the animals supplemented with antioxidants. Blood sample was first obtained by direct heart puncture. All animals were examined at necropsy for gross organ abnormalities, kidney, liver, spleen, bladder, seminal vesicle, and prostate. A portion of the tissue was placed in formalin and processed for histopathological evaluation. A, standard diet; B, standard diet ϩ antioxidants; C, 40% calorie diet; D, 40% calorie diet ϩ antioxidants. chemiluminescent emission, which is measured by a photomultiplier. Results were determined via a calibration curve.
Statistical Method. Tumor development and the disease-free data were plotted for the various groups and the P value calculated using 2 . All calculations were performed using statistical software.
RESULTS
Antioxidant Administered in the Diet to Lady Mice Is NonToxic. Body weight was not significantly altered in the groups fed diets containing antioxidants. Although the diets were isocaloric, there was a 20% increase in the body weight of the animals on a 40% calorie diet (with or without additives) as compared with the animals on a standard diet (Fig. 1) .
Effect of Antioxidant Consumption in Prostate of Lady Mice. Transgenic animals on a standard diet or a 40% calorie diet (groups 1 and 3) developed prostate tumors by 28 to 32 weeks. Animals on the supplemental diet with antioxidants (groups 2 and 4) had grossly normal prostates.
Antioxidants in the diet significantly reduced the incidence of prostate cancer in the Lady transgenic mice. These differences were striking and readily apparent on gross anatomy ( Fig. 2 ; P Ͻ 0.0001). At the termination of the experiment, we observed that 73.68% (14 of 19 animals) of the animals from the standard diet (group 1) and 100% (19 of 19 animals; P Ͻ 0.046) of the animals on the high-fat diet (group 3) developed prostate cancer. In striking contrast, the micronutrient-treated animals demonstrated tumors in 10.53% (2 of 19 animals) and 15.79% (3 of 19 animals; groups 2 and 4 respectively; P Ͻ 0.0001; Fig. 3) . A proportion of the animals (in groups 1 and 3) exhibited liver as well as seminal vesicle tumors along with the development of prostate tumors. Wet prostate weight of the tumors ranged from 2 ot 4 g compared with the micronutrient treated animals whose prostates weighed 0.02-0.16 g. All cancers were poorly differentiated carcinoma. The liver in these animals had metastasis. This was associated with the presence of lipid deposits in the hepatocytes of the animals in the high-fat diet. Remarkably, most animals on an antioxidant supplemented diet (groups 2 and 4) had histologically normal prostates and livers. There were lipid vacuoles in the livers of the animals on a 40% calorie diet plus antioxidants (Fig. 4) .
Administration of Antioxidants and the Expression of Proliferative Marker (PCNA) in the Prostate of Lady Mice. Antioxidant consumption resulted in a marked reduction in PCNA protein expression in the prostate of Lady mice compared with the non-antioxidant treated controls (Fig. 5) .
Immunohistochemistry of Prognostic Tissue Marker p27
Kip1 in the Prostate of Lady Mice Supplemented with Antioxidants. Immunohistochemistry performed on formalin-fixed paraffin-embedded tissue demonstrated a strong correlation between disease-free state and increased levels of p27
Kip1 . Expression of p27 varied between samples within the group. However, a uniformly intense immunoreactivity for p27
Kip1 was localized in both the groups (groups 2 and 4) treated with the additives (Fig. 5) . p27 staining was primarily cytoplasmic (80%). Some p27 was expressed in the nucleus and the membrane of the secretory cells (20%). The staining intensity in the Fig. 3 . Effect of antioxidants on the prevention of prostate tumors in Lady mice. Antioxidants (vitamin E, selenium, and lycopene) in the diet reduces the incidence of prostate tumors. The organs collected at necropsy were prepared for pathological evaluation. Results shown are the numbers of mice with prostate tumors as compared with the animals that were normal after antioxidant treatment. A defined as antioxidants (vitamin E, selenium, and lycopene); ‫,ء‬ P Ͻ 0.0001. antioxidant treated animals (groups 2 and 4; graded by two blinded individuals) was 2ϩ in 90% of the samples and 3ϩ in 10% (P Ͻ 0.0001). The untreated animals from groups 1 and 3 that developed tumors had low (Ͻ1ϩ) expression in 80% and absence of p27 expression in 20% (P Ͻ 0.0001).
Expression of Large T Antigen in Prostate of Lady Mice. Expression of SV40 large T antigen (Tag) was detected in all groups with and without the supplementation of antioxidants (groups 1-4; Fig. 5 ). Importantly, animals treated with micronutrients that had no evidence of prostate cancer had expression of the SV40 Tag in their prostates.
Antioxidants and Serum Testosterone Levels. Administration of antioxidants in the diet was associated with no alterations in serum testosterone levels between the groups (Fig. 6) . Serum testosterone values ranged from 4.82 to 5.15 nmol/L.
DISCUSSION
Nutrition is a major risk factor responsible for the difference in global distribution of clinical prostate cancer (31) . Human and animal studies indicate that certain dietary ingredients can modulate the growth rate of prostate cancer cells (32) (33) (34) (35) (36) . The risk of developing clinically significant prostate cancer appears to be affected by dietary fat, fatty acids, obesity, dietary fiber, fruits, vegetables, antioxidants, and soy protein intake. The Lady mice displaying focal and invasive adenocarcinomas and neuroendocrine cancer of the prostate between 20 to 30 weeks of age afford an opportunity to characterize the earlier events in prostate cancer progression (29) . Beginning at 5 to 6 weeks of age, these animals were fed a diet with or without antioxidants. Body weights of the animals showed no antioxidant-related toxicity. The addition of antioxidants (vitamin E, selenium, and lycopene) in the diet reduced the incidence of prostate tumors dramatically (89.47% and 84.21% of the treated animals were normal; groups 2 and 4). The antioxidants added were in proportion to the human equivalent of (per day) 800 IU vitamin E (␣-tocopherol succinate), 200 g of selenium (seleno-DL-methionine) and 50 mg of lycopene.
Several studies have shown that antioxidants prevent the growth of prostrate cancer cells in vitro (5, 7-9, 37, 38) . We demonstrate that this effect also occurs in vivo. The Lady (12T-10) model develops precursor lesions more analogous to human high-grade prostatic intraepithelial neoplasia, without associated prominent stromal hypercellularity. In addition, this line predictably develops invasive carcinoma with glandular differentiation (adenocarcinoma) as well as neuroendocrine prostate cancer that commonly metastasizes (30) . Using this model we were able to demonstrate that the addition of vitamin E, selenium, and lycopene to the diet dramatically reduced the incidence of prostate tumors in these animals.
Total fat intake has been associated with an elevated occurrence of prostate cancer. The addition of a high-fat diet (40% of calories from fat) increased the incidence of prostate cancer in these animals (group 3). However, this effect was blocked by antioxidants in the diet (group 4). Vitamin E is a potent intracellular antioxidant with demonstrable antitumor properties in a variety of cancer models (39 -41) . Our laboratory has shown that vitamin E inhibits the growth of prostate cancer cells in vitro mediated by alteration in cell cycle regulatory molecules, specifically p27 (9) . A second study carried out in our laboratory revealed that a combination of antioxidants (vitamin E and selenium) is shown to potentate or act in synergy, thereby enhancing the proportion of cancer prevention (42) .
Antioxidant consumption for 28 to 32 weeks resulted in marked reduction in the levels of expression of the proliferative marker, PCNA. PCNA serves as a requisite auxiliary marker for increased proliferation for DNA polymerase ␦-driven DNA synthesis and is cell cycle regulated (43) . We further confirmed that antioxidants mediate their effect through p27. The reduction of p27 protein is of prognostic importance in cancers (44 -47) . Our results indicate that frequent loss of cyclin-dependent kinase inhibitor p27
Kip1 in prostate cancer cells correlates with advancing biological aggressiveness, implicating deregulation of p27
Kip1 in prostate tumor progression. Supplementation of diets with antioxidants augmented the expression of p27 similar to that seen in normal tissue.
Expression of SV40 T antigen was observed in all of the animals regardless of the type of supplemental diet. The absence of prostate tumors and histological normal prostates with the supplementation of antioxidants confirms the fact that this was an antioxidant-mediated effect and not a consequence of SV40 Tag down-regulation. Analysis of serum testosterone demonstrated no alteration within the groups, implying that the antioxidants were not interacting with the gonadalpituitary axis.
This model affords an opportunity to dissect the preventive effect of micronutrients in prostate cancer. The relative contributions of the three micronutrients used in this study (vitamin E, selenium and lycopene) remain to be elucidated. A central issue is whether these act by preventing initiation or progression of prostate cancer. These questions warrant additional study.
